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by Daniel de Ruijter
The KM3NeT/ORCA experiment will use part of the detector which is currently being
built in the Mediterranean Sea to determine the neutrino mass hierarchy by measuring
the pattern of atmospheric neutrino oscillations. In this thesis, in addition to the neu-
trino oscillations in the Earth, the oscillations in the atmosphere have been included
in the simulations and the impact of the atmosphere on the measurements has been
evaluated.
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Chapter 1
Introduction
Neutrino flavour oscillation was first proposed by Bruno Pontecorvo in 1958 and proved
the solution to the solar neutrino problem which describes the deficit of detected elec-
tron neutrinos compared to the amounts theoretically expected from the Sun[1][2]. Pon-
tecorvo proposed that if neutrinos were massive rather than massless particles, which
was the prevalent theory at the time, neutrinos could change flavour accounting for
the deficit. In the years following the publication of Pontecorvo’s theory, compelling
evidence was found supporting his theory with conclusive evidence for neutrino flavour
oscillation finally coming in 2001 from the SNO collaboration in Canada[3]. The theory
states that the three possible neutrino flavours (electron, muon, and tau neutrinos) are
all superpositions of the same three mass eigenstates. Over the years, measurements
have been successful in determining the absolute squared mass differences between these
mass eigenstates. The order of the mass eigenstates, or the mass hierarchy, is yet to be
determined and an experiment called ”Oscillation Research with Cosmics in the Abyss”
or ORCA for short has been initiated within the KM3NeT neutrino telescope collabo-
ration to determine the natural mass hierarchy using atmospheric neutrinos.
Atmospheric neutrinos are part of cosmic showers and oscillate in flavour as they propa-
gate through the atmosphere and the Earth on their way to the detector. Neutrinos are
weakly interacting, electrically neutral particles with a tiny mass making them impossi-
ble to detect. The detection of secondary particles, resultant from neutrino interactions,
allows seeing neutrino interactions and distinguishability between the different neutrino
flavours. For the detection of the secondary particles, the KM3NeT neutrino telescope
will be used which is currently being built in the Mediterranean sea. The natural mass
hierarchy can be determined by simulating the experiment for both possible hierarchies
and comparing this to the data resultant from the telescope.
The purpose of this thesis is to determine the impact of neutrino oscillations in the
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atmosphere on simulations. Up to this point simulations have been done under the as-
sumption that these oscillations have a negligible impact compared to the oscillations
through the earth.
The theoretical background regarding the basics, creation, oscillation, interaction and
detection of neutrinos is described in chapter two. Chapter three will give an overview
on the KM3NeT detector used for KM3NeT/ORCA experiment. The method used for
simulating the events expected in the KM3NeT neutrino telescope is described in chapter
four followed by the results and the discussion in chapter 5. A summary and conclusion
can be found in chapter 6. Natural units are used throughout this thesis.
Chapter 2
Neutrino Physics
This chapter will start out with background information regarding neutrinos and a
description of the possible mass hierarchies. This is followed by a theoretical look at
atmospheric neutrinos from creation to detection.
2.1 Neutrino basics
Neutrinos are subatomic particles described by the Standard Model which describes
all subatomic particles and their interactions. Within the Standard Model there are
two classes of subatomic particles: Fermions, which are either particles or the building
blocks of particles and bosons, which act as force carriers (the Higgs Boson gives all
other particles mass).
There are twelve different fermions: Six quarks and six leptons. Quarks interact through
the strong interaction and bond together to form hadrons like the neutron and the
proton. The remaining six fermions are leptons: The electron, the muon, the tau particle
and their corresponding neutrinos. Neutrinos are small electrically neutral leptons with
a tiny cross section that interact primarily through the weak nuclear force and are
unaffected by both the strong and electromagnetic force. All the particles described by
the Standard Model can be seen in figure 2.1.
Neutrinos exist in one of six possible flavour states named after the three charged
leptons: electron neutrinos, muon neutrinos, tau neutrinos and the three corresponding
anti-neutrinos.
Prior to the acceptance of Pontecorvo’s theory, it was thought that neutrinos were
massless particles and that neutrino flavour was invariant. However, measurements of
the Sun’s electron neutrino flux showed a discrepancy between the rate of detected
electron neutrinos and the rate theoretically expected from the Sun. This discrepancy
3
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Figure 2.1: The Standard Model [4]
is known as the solar neutrino problem. In the late fifties Bruno Pontecorvo proposed
that if neutrinos were in fact massive particles they could oscillate in flavour as they
propagate. His theory of neutrino oscillation proved to be the solution to the solar
neutrino problem, as the discrepancy in electron neutrinos could be explained by a
changing of flavour.
Pontecorvo’s theory states that all neutrinos exist as a superposition of three mass
eigenstates (ν1, ν2, ν3). The mass states are eigenstates of the Hamiltonian in equation
2.1, but in the mass basis:
Hm|vi〉 = Ei|vi〉. (2.1)
As the neutrino propagates through space, the quantum mechanical phases associated
with each of the mass eigenstates evolve at different rates due to the slight mass dif-
ferences between the mass eigenstates. As the quantum mechanical phases of the mass
eigenstates evolve at different rates, the superposition of the mass eigenstates is altered
leading to a change in neutrino flavour.
The relations between neutrino flavour eigenstates and neutrino mass eigenstates are
given by:
|να〉 =
∑
i
U∗αi|νi〉 and |νi〉 =
∑
α
Uαi|να〉. (2.2)
Where vα represents a neutrino in a flavour state, vi a neutrino mass eigenstate and Uαi
is the corresponding element from the PMNS matrix[5]. For anti-neutrinos one simply
takes the complex conjugate of the element from the PMNS matrix used in the previous
two equations.
The PMNS matrix was introduced by Ziro Maki, Masami Nakagawa and Shoichi Sakata
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to explain the neutrino oscillations predicted in Pontecorvo’s theory and is given by:
U =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3
 = (2.3)

1 0 0
0 c23 s23
0 −s23 c23


c13 0 s13e
−iδ
0 1 0
−s13e−iδ 0 c13


c12 s12 0
−s12 c12 0
0 0 1


1 0 0
0 eiα1/2 0
0 0 eiα2/2
 .
Where cij = cos θij and sij = sin θij with θij being the mixing angle between mass
eigenstate i and j. Reasonable values for these mixing angles and their uncertainties
can be found in table 2.1 [6]. The phase factors α1 and α2 are only relevant if neutrinos
are Majorana particles meaning that neutrinos would be their own antiparticles. For
this research it is assumed neutrinos are not Majorana particles. The phase factor δ is
zero if neutrino oscillations are not in violation of CP symmetry, which in this research
is assumed to be the case.
Neutrinos are further assumed to be ultra-relativistic particles: Particles that have mass
but travel near the speed of light. In accordance with findings from CERN in 2012,
the speed of neutrinos is taken to be consistent with the speed of light throughout this
thesis[7].
Parameter Value 3σ range
∆m(∗10−5(eV 2)) 7.59 6.99− 8.18
∆M(∗10−3(eV 2)) 2.32 2.19− 2.61
θ12(rad) 0.58 0.53− 0.64
θ13(rad) 0.15 0.13− 0.17
θ12(rad) 0.70 0.66− 0.93
Table 2.1: Reasonable values for the squared mass differences and mixing angles.
2.2 Mass hierarchy
As mentioned in the previous Section all neutrinos exist as a superposition of the same
three mass eigenstates. Measurements on neutrinos from nuclear reactors, the Sun and
the atmosphere have led to absolute values for the squared mass differences between the
mass eigenstates. Where the squared mass difference is defined as:
∆m2ij = m
2
j −m2i (2.4)
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The sign of the squared mass differences and therefore the order of the mass eigenstates
is yet to be determined. ∆m212 is set positive as a convention because ∆m
2
13 is the
dominant squared mass difference in atmospheric neutrino oscillations due to it being
the larger mass difference (see equation 2.17). This leaves two possible orders for the
mass hierarchy: ∆m213 is positive, known as normal hierarchy; or ∆m
2
13 is negative,
known as inverted hierarchy. The value and sign for ∆m223 follow logically from those
for ∆m212 and ∆m
2
13. A graphical representation of the two hierarchies is provided in
figure 2.2. Absolute values for the squared mass differences, compatible with current
global fits, can be inferred from table 2.1 where ∆m212 = ∆m, ∆m
2
13 = ∆M +
1
2∆m and
∆m223 = ∆M − 12∆m for normal hierarchy and ∆m213 = −∆M + 12∆m and ∆m223 =
−∆M − 12∆m for inverted hierarchy[6]. The reason for using squared mass differences
rather than the actual masses of the mass eigenstates or the non-squared mass differences
will become clear in Section 2.4.1.
Figure 2.2: The two possible mass hierarchies where (∆m2)sol = ∆m
2
12 and
(∆m2)atm = ∆m
2
13
2.3 Atmospheric neutrino flux
The Earth’s atmosphere is continuously bombarded with cosmic rays. When a cosmic
ray collides with a nucleus in the Earth’s atmosphere a cascade of particles, known as
a cosmic ray shower, is produced. The neutrinos in these cosmic ray showers are called
atmospheric neutrinos and it is these neutrinos that are used in the KM3NeT/ORCA ex-
periment. The main mechanisms producing atmospheric neutrinos in cosmic ray showers
are the decay of pions, kaons and muons:
pi+ → µ+ + νµ and pi− → µ− + ν¯µ. (2.5)
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The resultant muons further decay described by the following reactions:
µ+ → e+ + νe + ν¯µ. (2.6)
and
µ− → e− + ν¯e + νµ. (2.7)
Kaons decay through a similar mechanism.
From these equations one would expect muon neutrinos to be produced in quantities
two times that of electron neutrinos:
Φ(νµ + ν¯µ)
Φ(νe + ν¯e)
= 2. (2.8)
This ratio will quickly increase for an energy above 1 GeV however. This is caused by the
energy dependence of the decay length of muons, as an increase in energy corresponds to
an increase in decay length. If the energy of the muon exceeds approximately 2.5 GeV,
the corresponding decay length exceeds the average production altitude of the muon
and most muons will therefore not decay before reaching the earth’s surface resulting
in a decreased electron neutrino production [8]. For energies above 2.5 GeV, electron
neutrinos will be primarily created through other, otherwise less dominant, mechanisms.
As tau neutrinos are only created at high energies, outside the range used in this thesis,
the assumption will be made that there are no tau neutrinos in cosmic ray showers.
On average, neutrinos are created at an altitude of 15 km above sea level. The precise
production altitude of a neutrino depends on the altitude of the initial collision, the
energy of the neutrino, the flavour of the neutrino and the zenith angle. As the purpose
of this thesis is to determine the impact of oscillations in the atmosphere it is of crucial
importance to have precise data on the creation altitude of neutrinos which is provided
for by the Honda group.
2.4 Neutrino Oscillations
As described in Section 2.1 a neutrino can change flavour as the mass eigenstates, of
which the flavour state is a superposition, evolve at different rates. The time evolution
of the neutrino mass eigenstates depends on the Hamiltonian and is governed by the
following Schro¨dinger equation:
i
d
dt
|vi(t)〉 = H0m|vi〉. (2.9)
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The solution to this equation, representing the time evolution, is given by:
|vi(t)〉 = e−iH0mt|vi(0)〉. (2.10)
With the time evolution of the individual mass eigenstates known one can, combined
with the PMNS matrix, describe neutrino oscillations. The next Sections will describe
neutrino oscillations in a vacuum as well neutrino oscillations in matter.
2.4.1 Neutrino oscillations in vacuum
When propagating through a vacuum the neutrino’s Hamiltonian in the mass basis is a
diagonal matrix given by:
H0m =

E1 0 0
0 E2 0
0 0 E3
 , Ei =√p2i +m2i . (2.11)
The diagonality of the Hamiltonian allows for equation 2.10 to be rewritten as:
|vi(t)〉 = e−iEit|vi(0)〉. (2.12)
This equation is far less complicated to solve than equation 2.10 as there is no longer a
matrix in the exponent. Using the PMNS matrix to make the transformation from the
mass to the flavour basis gives the equation of motion for a neutrino with initial flavour
α:
|vα(t)〉 =
∑
β=e,µ,τ
∑
i
U∗αie
−iEitUβi|vβ〉. (2.13)
The transition amplitude for a neutrino with initial flavour α changing into a neutrino
with flavour β is given by:
Aνα→νβ = 〈νβ|να(t)〉. (2.14)
Combining the last two equations leads to the following equation for the oscillation
probability:
Pνα→νβ = |〈νβ|να(t)〉|2 =
∑
i,j
U∗αiUβiUαjU
∗
βje
−i(Ej−Ei)t. (2.15)
As mentioned in Section 2.1 neutrinos are ultra-relativistic particles, allowing for the last
equation to be written in the ultra-relativistic limit where p m and thus E ≈√|~p|2.
This leads to the following substitution:
Ei =
√
p2i +m
2
i ≈ E +
m2i
2E
. (2.16)
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Furthermore, due to the use of natural units, the time variable t can be replaced by the
distance traveled L. Equation 2.15 can therefore be rewritten as:
Pvα→vβ (t) = |Avα→vβ (t)|2 =
∑
i,j
U∗αjUβjUαiU
∗
βie
∆m2ijL
2E . (2.17)
The choice to use the squared mass differences rather than the actual masses or the
non-squared mass differences becomes apparent here. Armed with this equation one
can now determine the probability that a neutrino with initial flavour α and energy E
changes into a neutrino with flavour β within a distance L.
A useful parameter that can now also be defined is the oscillation length, which is the
distance a neutrino must travel to add a phase of 2pi to its equation of motion. In other
words: The distance a neutrino has to propagate through space to return to its initial
flavour. The oscillation length can be easily inferred from the previous equation:
Loscij =
4piE
∆m2ij
. (2.18)
As mentioned in Section 2.2, ∆m213 is the dominant squared mass difference in oscilla-
tions. The above equation can therefore be simplified to:
Losc =
4piE
∆m213
. (2.19)
After the neutrino propagated for half this length the oscillation effect will be at a
maximum.
As this research aims to determine the impact of oscillations in the atmosphere it is
worthwhile to determine the required energy for a neutrino to make one full oscillation
from its point of creation to the point where it reaches the Earth’s surface. Assuming
an average neutrino production height of 15 km, a neutrino must have an energy of
approximately 14 MeV to achieve one full oscillation from the point of creation in the
atmosphere to point where it reaches the Earth’s surface. As lower energies result
in faster oscillations, see equation 2.17, the neutrino will complete at least one full
oscillation for energies equal to or lower than 14 MeV. The relevant energy range for
the KM3NeT/ORCA experiment is 1-20 GeV. The atmospheric neutrinos detected will
therefore not nearly have completed one full oscillation from their point of creation
in the atmosphere till the point where they reach the Earth’s surface. This however
does not mean that oscillations in the atmosphere have a negligible effect on ORCA
measurements.
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Figure 2.3: Left: NC interactions, Right: CC interactions (νe only)
2.4.2 Neutrino oscillations in matter
When a neutrino propagates through matter, the neutrino oscillations are altered from if
it were to propagate through a vacuum. This is known as the Mikheyev–Smirnov–Wolfenstein
effect or MSW effect for short[9]. This alteration of neutrino oscillations is caused by
the neutrino’s coherent forward scattering on the electrons and nucleons in the mat-
ter through which it propagates. Coherent forward scattering can occur as a result of
charged current interactions under the exchange of a charged W boson or neutral current
interactions under the exchange of a Z boson. The Feynmann diagrams for these inter-
actions can be found in figure 2.3, where an electron is the electron neutrino’s interaction
partner in the neutral current interaction. Both forms of coherent forward scattering
add an extra term, a potential term, to the Hamiltonian of the neutrino. The potential
term for neutral current (NC) interactions can be neglected as it is equal for all flavours
and thus adds an equal phase factor to the evolution operator of all neutrino flavours.
The potential term for charged current (CC) interactions only applies to electron neu-
trinos and can therefore not be neglected. The additional potential term due charged
current interactions is, in the flavour basis, given by:
Vf = ±
√
2GFNe

1 0 0
0 0 0
0 0 0
 . (2.20)
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Where GF is the Fermi coupling constant and Ne is the electron density in the matter
through which the neutrino propagates. Vf is positive for neutrinos and negative for
anti-neutrinos.
The Hamiltonian, in the mass or the flavour basis, is no longer diagonal due to this
additional potential term. The Hamiltonian can however be diagonalized using effective
masses and mixing angles to illustrate the impact mass has on neutrino oscillations.
For the electron densities in both the Earth’s atmosphere and the Earth itself and for
neutrino energies larger than approximately 2 GeV this transition to effective mass
is negligible for the smaller mass splitting[10]. The impact of matter on the flavour
oscillations of neutrinos can therefore be simplified to a two neutrino case looking at the
mass difference between the first and the third mass eigenstate:
∆m213eff = ∆m
2
13
√
(cos 2θ13 −A)2 + sin 2θ132 (2.21)
with
A = ±2
√
2GfNeEv
∆m213
. (2.22)
The mixing angle is also transformed into an effective mixing angle given by:
tan 2θ13eff =
tan 2θ13
1− Acos 2θ13
. (2.23)
From this equation it is clear that a resonance, where the impact of matter on neutrino
oscillations is largest, occurs for:
A = cos 2θ13. (2.24)
Combining this with equation 2.21 gives the resonance condition in terms of neutrino
energy:
Eresν = ±
∆m213 cos 2θ13
2
√
2GfNe
. (2.25)
With electron densities ranging from 2cm−3 ∗NA to 5cm−3 ∗NA in the earth, resonance
occurs between 3 and 10 GeV. This equation further tells us that resonance for neutrinos
(+) can only occur if normal hierarchy is the natural hierarchy (∆m213 is positive) and
that resonance for anti-neutrinos (-) can only occur if inverted hierarchy is the natural
hierarchy (∆m213 is negative). The effect matter has on neutrino oscillations thus de-
pends on the natural mass hierarchy. It is this hierarchy dependent effect of matter on
neutrino oscillations that is planned to be exploited in the KM3NeT/ORCA experiment
to determine the natural mass hierarchy. Depending on the energy, flavour and path of
the neutrino, the oscillation probabilities change between the different hierarchies. In
the experiment one therefore needs to be able to accurately determine the energy, the
path and the flavour of the neutrino.
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In the simulations in Chapter 4 and 5, the normal 3-flavour scenario without diago-
nalization was used. As the Hamiltonian is not diagonal in either the flavour or the
mass basis in the normal 3-flavour scenario, determining the time evolution operator is
considerably more complex than for vacuum oscillations. This will be further elaborated
upon in Chapter 4.
2.5 Neutrino detection
Billions of neutrinos (galactic, solar and atmospheric) pass through a square centimeter
on Earth every second. Despite this abundance of neutrinos available it is almost im-
possible to detect them as they are weakly interacting particles with little mass. Most
atmospheric neutrinos will travel through the atmosphere and the Earth without engag-
ing in a single interaction. If however a neutrino does interact with the matter through
which it travels, the secondary particles in this interaction can be detected and subse-
quently be used to infer information about the neutrino.
Neutrinos can engage in neutral current interactions as well as charged current inter-
actions. In a neutral current interaction the neutrino simply scatters on the partner
particle. Within neutral current interactions it is not possible to distinguish between
the different neutrino flavours and neutral current interactions therefore only function
as background in the KM3NeT/ORCA experiment. In charged current interactions a
charged lepton is produced. An electron neutrino produces an electron, a muon neutrino
produces a muon and a tau neutrino produces a tau particle. Within these interactions
it obviously is possible to distinguish between the different neutrino flavours.
The fraction of energy transferred to the charged lepton is given by the Bjorken-y[6]:
y =
E − E∗
E
. (2.26)
Where E is the initial energy of the neutrino and E∗ is the energy transferred to the
charged lepton.
The value for the Bjorken-y can take on values ranging from 0 to 1 and is different for
every interaction. The average Bjorken-y at varying energies for both neutral current
and charged current interactions is plotted in figure 2.4. This shows that the Bjorken-y
is approximately 0.49 for neutrinos and 0.33 for anti-neutrinos on average in the relevant
range (E < 30 GeV). This means that in anti-neutrino interactions, on average, more
energy is transferred to the charged lepton. This provides for a very crude mechanism
to distinguish between neutrinos and anti-neutrinos. How much energy is transferred
from the (anti-)neutrino to the charged lepton has to be known in order to accurately
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Figure 2.4: The Bjorken-y for neutrinos and anti-neutrinos as a function of the
energy[12]
reconstruct the neutrino’s properties.
If in the interaction the neutrino transfers enough of its energy to the secondary par-
ticle, this secondary particle can travel in excess of the speed of light in its respective
medium. When a charged particle travels faster than the speed of light in a dielectric
medium it disrupts the electromagnetic field in that dielectric medium. And as the
charged particle travels through the medium, the energy contained in the disturbance
of the electromagnetic field behind the particle is released as radiation. This radiation
is known as Cherenkov radiation and is detected by the KM3NeT telescope[11].
The detector cannot distinguish between the three flavours of neutrino but rather be-
tween track-like and shower-like events. In a track-like event the charged lepton travels
in a straight line through the detector without immediately decaying or interacting with
other particles leaving a track of Cherenkov radiation. Most track-like events are pro-
duced by muons as they produce the longest track in water compared to electrons and
tau particles. In shower-like events the charged lepton either decays or interacts with
other particles causing a shower of particles that can be detected through Cherenkov
radiation. From the Cherenkov radiation emitted by the secondary particles in neutrino
interactions one can therefore determine the type of event as well as the energy and
zenith angle of the interacting neutrino.
Chapter 3
KM3NeT and ORCA
This chapter provides an overview of the KM3NeT detector that will be used for the
measurements in the KM3NeT/ORCA experiment.
As discussed in Section 2.5 neutrinos are detected through the Cherenkov radiation
emitted by secondary particles from the neutrino interactions. Due to the tiny inter-
action cross sections of the neutrinos, large detectors are required in order to detect a
significant amount of neutrinos. Besides having to detect a significant amount of neu-
trinos in order to be able to draw accurate conclusions, the detector has to be able to
reconstruct the direction and the energy of the incoming neutrino as well as the time of
each interaction in order to determine the mass hierarchy.
Over the past decades several such detectors were built and put to use. Examples of
such detectors are the IceCube telescope and the detector used by the ANTARES col-
laboration. The IceCube detector, encompassing a cubic kilometre of ice at the the
South Pole, studies neutrinos by recording the interactions of neutrinos from astrophys-
ical sources.[13]. The ANTARES collaboration has been operating a large area water
Cherenkov detector in the Mediterranean sea since 2008, optimized for the detection of
muons from high-energy astrophysical neutrinos. It covers a surface area of 0.1 km2
with an active height of 350 meters and is considered a first step toward the network
of the kilometric scale KM3NeT detector. The primary aim of the experiment is to use
neutrinos to study particle acceleration mechanisms in energetic astrophysical objects
such as active galactic nuclei and gamma-ray bursts, which may also shed light on the
origin of ultra-high-energy cosmic rays[14].
KM3NeT is a deep sea research infrastructure spread out over three sites with a combined
size of several cubic kilometres currently being built in the Mediterranean see. KM3NeT
will use the infrastructure to perform research on neutrinos from distant galactic sources
(the KM3NeT/ARCA experiment) and the other for research on atmospheric neutrinos
14
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(the KM3NeT/ORCA experiment).
The Cherenkov radiation, produced by secondary particles resultant from neutrino in-
teractions, is detected by photomultiplier tubes. Photomultiplier tubes multiply the
current produced by incident light through multiple electrodes placed in vacuum tubes
so that light with a low flux of photons, or even individual photons, can be detected. In
order to detect photons from every imaginable angle 31 of these photomultiplier tubes
are optimally arranged in Digital Optical Modules or DOMs. A picture of a prototype
for a DOM can be seen in figure 3.1. To further optimize the detection of photons a
reflecting ring is placed around the front of every photomultiplier tube.
Thousands of DOMs are arranged in three-dimensional spatial arrays, with 18 DOMs
vertically connected on one string attached to the sea floor on one end and to a sub-
merged buoy on the other end, keeping the string as close to vertical as possible. The
strings are linked to the on-shore facilities to supply the DOMs with power and to
receive data, with nanosecond precision on the arrival time of the neutrino, from the
DOMs which is subsequently filtered from background radiation. In order to minimize
this background radiation, from atmospheric muons for example, the entire detector is
placed deep inside the Mediterranean sea.
Figure 3.1: A Digital Optical Module as planned for use in the KM3NeT detector
[15]
Since the detector is placed in the Mediterranean sea it is subject to the motions of the
water. Because the DOMs are not allowed to come into contact with one another, the
DOMs can not be placed an arbitrarily small distance from one another. And since the
detector moves due to currents in the ocean and reconstructing neutrino events depends
on the length and direction of the track measured, the precise location and orientation
of the individual DOMs has to be known at all times. To track the location and orien-
tation of the DOMs in real time the KM3NeT detector employs an acoustic system able
to track the orientation of the DOMs to within a few centimetres and degrees.
In order for an event to be identified as track-like it has to have, at minimum, the length
equal to the separation between two DOMs in the detector. As the energy range of
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atmospheric neutrinos is lower than that of cosmic neutrinos, resulting in shorter tracks,
the DOMs in the detector have to be placed closer together for the detection atmo-
spheric neutrinos than for cosmic neutrinos. Other advantages of placing the DOMs
closer together are the improved accuracy of the energy reconstruction algorithm and
an improved ability to determine the type of neutrino detected. The DOMs are placed
6 meters apart vertically and up to 20 meters horizontally giving the total detector a
height of 114 meters and a diameter of 140 meters with an instrumented mass of approx-
imately 3.7 megatons. As muon neutrinos create a track of approximately 4.2 m/GeV
and the energy range over which this research is conducted is 1-20 GeV, these measure-
ments allow the detection of short muon tracks and aid in the distinguishability between
track- and shower-like events as discussed in Section 2.5 [16]. A sketch of the envisioned
detector can be seen in figure 3.2. This figure shows the arrangement of the DOMs in
the detector as well as a neutrino interaction producing a muon that is detected.
Figure 3.2: The detector with the DOMs connected via strings and separated as
discussed. An event that is detected is also pictured. [17]
Chapter 4
Simulating detector output
This chapter describes the simulation of atmospheric neutrino oscillations from the cre-
ation of the neutrino to its detection, implementing the theory described in Chapter
2.
4.1 Production of atmospheric neutrinos
As mentioned in Section 2.3 there are many different mechanisms contributing to the
atmospheric neutrino flux. The main mechanism, the decay of pions and kaons, was
described in this section, but in order to obtain accurate results the neutrino flux has
to be known precisely.
The atmospheric neutrino fluxes as reconstructed by the Honda group were used in this
research. Details about the method behind the recreation of the atmospheric neutrino
flux can be found in the paper published by the Honda group[18]. The Honda group uses
different detection sites to determine the atmospheric neutrino flux, placed at different
locations around the globe. The reconstructed neutrino flux for the Kamiokande site
at a solar minimum averaged over the azimuth angle were used for the simulation of
atmospheric neutrino oscillations as this detector is close to the KM3NeT detector in
terms of latitude. The muon neutrino and electron anti-neutrino fluxes as a function
of the energy and the zenith angle can be seen in figure 4.1. The muon neutrino and
electron anti-neutrino fluxes were chosen since, as can be seen in Section 2.3, the differ-
ence between these fluxes should be greatest. The tau neutrino and anti-neutrino fluxes
are assumed to be equal to zero as explained in Section 2.3. According to the article
publishes by the Honda group, the azimuthal dependence of the flux can be attributed to
the geomagnetic field of the earth [18]. It further states that the total error in the atmo-
spheric neutrino flux is a little lower than 10% in the energy range 1-10 GeV. The total
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(a) muon neutrino(νµ) flux (b) electron anti-neutrino (ν¯e) flux
Figure 4.1: neutrino fluxes as a function of the energy and the zenith angle
error increases outside of this range. Inaccuracies in the flux will impact the amount of
detected events, but the conclusions will likely not be impacted. Further experiments
could possible improve the accuracy of the recreated neutrino fluxes.
The purpose of this thesis is to determine the impact of neutrino oscillations in the
atmosphere on ORCA measurements as previous simulations were done under the as-
sumption that these could be neglected. In order to accurately study this impact, precise
creation altitudes of the neutrinos are needed.
As mentioned in Section 2.3 the creation altitude depends on the altitude of the initial
collision, the flavour of the neutrino, the energy of the neutrino and the zenith angle.
Besides the neutrino flux, the Honda group has also reconstructed the creation altitude
probability distributions of neutrinos. For consistency, the creation altitude probabil-
ity distributions based on the data from the Kamiokande detector, averaged over the
azimuth angle, are used. The muon neutrino and electron neutrino creation altitude
probability distributions for several energy values can be seen in figure 4.2. From these
figures one can conclude that the creation altitude of electron neutrinos is strongly depen-
dent on the energy while the energy dependence of the muon neutrino creation altitude
seems negligible to the first order. Section 2.3 offers an explanation for this phenomenon.
Most muon neutrinos are created in the decay of pions and kaons in cosmic ray showers.
As the decay time for pions and kaons is extremely short ( 10−8s) the energy dependence
is negligible to the first order. Most electron neutrinos are produced in the decay of the
muons resultant from the initial pion or kaon decay. As mentioned in Section 2.3 the
decay time and therefore decay length of muons is energy dependent. This explains the
increased probability that an electron neutrino is created at lower altitudes for higher
energies. The creation altitude probability distributions for anti-neutrinos are close to
identical to those above.
The muon neutrino and electron neutrino creation altitude probability distributions for
several zenith angles can be seen in figure 4.3. This plot shows a sinusoidal distribution
in the altitude at which the creation probability is highest. This can be explained by
the horizontal component of the geomagnetic field influencing cosmic rays and therefore
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the creation altitude [18]. For anti-neutrinos this is therefore exactly the opposite: The
creation altitude is on average the highest at the poles of the Earth and minimal at
the equator. The uncertainties in the production altitude are not well documented and
additional research is required to determine the uncertainties and the impact they have.
(a) electron neutrinos(νe) (b) muon neutrinos(νµ)
Figure 4.2: Creation altitude probability distributions for several energy values
(θ=90). Electron neutrinos show a greater energy dependence compared to muon neu-
trinos
(a) electron neutrinos(νe) (b) muon neutrinos(νµ)
Figure 4.3: Creation altitude probability distributions for several zenith angles (E=10
GeV). This shows a sinusoidal distribution with a maximum at 90 degrees
4.2 Neutrino oscillations
4.2.1 Neutrino path
To determine the possible propagation lengths for the atmospheric neutrinos, an equation
is needed to evaluate the distance from the neutrino’s creation to its detection as a
function of its zenith angle. If oscillations in the atmosphere are not taken into account,
meaning oscillations do not start until the neutrino reaches the Earth’s surface, the
equation, assuming that the detector sits at the Earths´ surface, is as follows:
L = 2r cos θ (4.1)
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Where r is Earth’s radius and θ is the zenith angle Whereas the distance the neutrino
travels when taking the atmosphere into account is given by:
L = r cos θ +
√
R2 − r2 sin2 θ (4.2)
Where R is the radius of the Earth plus the creation altitude of the neutrino. A rep-
resentation of the neutrino path from creation to detection is pictured in figure 4.4.
4.2.2 Density of the atmosphere and the Earth
Atmospheric neutrinos in their path toward the detector do not travel through a vacuum.
Depending on the zenith angle, the neutrino travels towards the detector through media
of different densities for varying distances which can also be seen in figure 4.4. All
neutrinos propagate through the atmosphere for a length dependent on their creation
altitude and the zenith angle. The approximation used for the density of the atmosphere
as a function of the altitude is given by[19]:
ρ =
pM
RT
with p = p0(1− Lh
T0
)
gM
LR with T = T0 − Lh (4.3)
Figure 4.4: A possible neutrino path from creation to detection.
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where p represents pressure, T represents temperature and h represents the altitude in
meters, with:
p0 = 101.325 kPa, atmospheric pressure at sea level.
T0 = 288.15 K, average temperature at sea level.
g = 9.8 m/s2, gravitational constant.
L = 0.0065 K/m, temperature lapse rate.
R = 8.315 J/(mol ∗K), gas constant.
M = 0.0290 kg/mol, molar mass.
As is clear, this representation for the density of the atmosphere only holds up to an
altitude of h = T0L . At higher altitudes the density of the atmosphere is taken to be
zero. The obvious inaccuracy of this model does not, as can be seen in Section 5.3, have
a significant impact on the final results.
The density of Earth depends on the distance one is from the centre of the Earth. To
evaluate this distance from the centre of Earth, the following equation is used:
R =
√
r2 + l2 − 2rl cos θ. (4.4)
Where l is the remaining distance the neutrino has to travel before reaching the detector.
The model describing the density of Earth as a function of the distance from its centre
used in simulations is based on what can be seen in figure 4.5. Here it can be seen that
the density is greatest in the inner core and that the density significantly decreases at
the mantle and further out. Uncertainties in this model are small as can be seen in
the article Preliminary reference Earth model (PREM)[20]. As a parametrization of the
model is used in this study, uncertainties increase. Further studies and a more accurate
parametrization could improve the results.
4.2.3 Neutrinos reaching the detector
To determine the amount of neutrinos that reach the detector one needs, besides the
fluxes and the creation altitude probability distributions, the evolution operators of the
neutrinos for the relevant energies and propagation paths through the atmosphere and
the Earth. As mentioned in Chapter 2, determining the evolution operator (Uf (t) =
e−iHf t) requires complex calculations since the Hamiltonian is no longer diagonal if
the neutrino travels through matter rather than a vacuum. The method described by
Ohlsson and Snellman is therefore used in simulations[22]. This method returns a three
by three matrix with the probabilities for all possible flavour changes for a given energy,
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Figure 4.5: Preliminary reference Earth model[21]. The density is shown as a function
of the distance from the centre of the Earth.
path length and density of traversed matter.
To accurately capture the effect of the varying densities along the neutrino’s path on the
oscillations, the path, given by equation 4.2, is split up into equal sections. The density
of the Earth or the atmosphere is then determined for all sections by using equation 4.5
to determine the distance the neutrino is from the centre of the Earth and subsequently
either equation 4.3 for when a section of the path lies in the atmosphere or the model
based on figure 4.5 for when a section lies within the Earth. With the density known and
for a given energy, the evolution matrix is then calculated for that section of the path
by using the Ohlsson and Snellman method. By multiplying the oscillation probabilities
within the evolution matrix for all sections of the path one ends up with the evolution
matrix for the entire path.
The evolution matrix is calculated for a range of creation altitudes, energies and zenith
angles (neutrino paths). The relevant energy range for ORCA lies between one and
20 GeV, but due to the energy smearing which will be discussed in Section 4.4, the
simulations were run over a range from one to 30 GeV. The relevant range of zenith
angles for ORCA is between 90 and 180 degrees. The range from zero to 90 degrees
contains a far stronger background as for this range the Earth does not provide a barrier
for particles other than neutrinos. Due to the angle smearing, which will also be discussed
in Section 4.4, the full range of zenith angles (0 ≤ θ ≤ 180) was used in simulations.
By multiplying the resultant evolution matrices with the corresponding creation altitude
probability distributions and fluxes one then knows the amount of neutrinos reaching
the detector for a range of energies and zenith angles.
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Figure 4.6: neutrino cross sections for neutral currents and charged currents as a
function of the neutrino energy.
4.3 Neutrino interactions at the detector
4.3.1 Cross section
As mentioned in Section 2.5 neutrinos can not be detected themselves. A neutrino has
to interact with matter near or in the detector, creating particles that can be detected
through the Cherenkov radiation that is emitted along their path. The cross sections
for the interactions leading up to the detection of the emitted Cherenkov radiation are
shown in figure 4.6. These graphs were retrieved from Genie and were communicated to
me by M. Jongen (Personal communication, June 11, 2015) [23]. This shows a greater
cross section for neutrinos compared to anti-neutrinos. As the flux for neutrinos is
also higher compared to anti-neutrinos one expects significantly less anti-neutrinos to
be detected compared to neutrinos. This difference in the amount of neutrinos and
anti-neutrinos combined with the resonance condition described in Section 2.4.2 will
allow for the determination of the natural mass hierarchy. It is worthwhile to note
that if neutrinos and anti-neutrinos were created in equal amounts and their interaction
cross sections were similar it would likely be impossible to determine the natural mass
hierarchy in the KM3NeT/ORCA experiment. Figure 4.6 also shows the cross sections
for neutral current interactions which are identical for all possible flavours and therefore,
as mentioned in Chapter two, only function as a background in the KM3NeT/ORCA
experiment and are neglected in this thesis. Uncertainties in the cross sections occur
both in scaling as well as shape. These inaccuracies therefore will impact the results
and conclusions of this thesis. There is still a lot of discussion, both theoretically and
experimentally, on the neutrino cross sections and additional research is required to
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Figure 4.7: The effective mass of the detector as a function of the energy of the
neutrino.
obtain more accurate cross sections and the impact uncertainties in these cross sections
have on simulations.
4.3.2 Effective mass
The secondary particles created by the neutrino interactions can be detected as long as
these resultant particles have a speed that exceeds the speed of light in the respective
medium through which it travels, in this case water. The particle loses energy as it
travels through matter however, a muon loses approximately 0.24 GeV/m, meaning the
reaction has to take place close to or in the detector in order for the particle to be
detected. This, coupled with the small cross section for neutrino interactions, means
one needs a large detector. The actual size of the detector is described in Chapter 3,
but the effective mass of the detector depends on the energy of the neutrino and a good
parametrization of the effective mass for all interaction types is given by:
Meff = 2Mmax
arctan E−E0width
pi
Mmax = 3.6 ∗ 109kg E0 = 1.7GeV width = 1.1 (4.5)
This parametrization is based on Monte Carlo simulations. A plot of the function for
the relevant energies can be seen in figure 4.7.
The equation and the plot for the effective mass show that the mass with which a
neutrino can interact to subsequently be detected increases with energy. The explanation
for this is that when a higher energy neutrino interacts with the mass around or in the
detector, it creates a longer track, or a shower with more energetic particles, than a
neutrino with a lower energy. Neutrinos with a higher energy therefore have a greater
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volume in which they can interact and subsequently be detected. The plot further
suggests that neutrinos with an energy below 2 GeV can not be detected as for those
energies the effective mass is negative. This is just a result of the parametrization
however and the effective mass would in reality never be negative but can reach zero.
The uncertainty in the effective mass will likely not have a major impact on the results
as an alteration in the effective mass will have a similar impact on all possible reactions
in the detector. If the inaccuracies in the parametrization occur mostly in either the
high or low energy range the impact on results could be more significant. The reason for
this will become apparent in Section 5.4. A better parametrization, which is available
at the time of writing this thesis, might negate this.
Dividing this effective detector mass by the mass of a proton gives the amount of particles
with which a neutrino can interact to subsequently be detected. Using the following
equation one finds the amount of reactions per unit time in the detector.
Γ = φσN (4.6)
Where Γ is the reaction rate per unit time, φ is the flux per unit time, σ is the cross
section from the previous section and N is the amount of particles in the detector.
The flux per unit time refers, in this case, to the the amount of neutrinos reaching
the detector per unit of time. Using these equations returns the amount of events the
neutrino telescope detects per unit of time.
4.4 Detector response
The detector used cannot distinguish between the different neutrino flavours but can
only differentiate between track-like and shower-like events as mentioned in Section 2.5.
Also mentioned in this Section is that track-like events are the manifestation of a particle
created in neutrino interactions traveling through the detector with a speed greater than
that of light in the respective medium. These track-like events mostly consist of muons.
Shower-like events are the manifestation of a collision between a neutrino and a nucleus
causing a shower of charged particles which is subsequently detected. Shower-like events
are mostly the result of electron and tau neutrino charged current interactions.
The probability an event is characterized as either track- or shower-like for all types of
neutrinos as a function of energy is shown in figure 4.8. These graphs were based on the
KM3NeT letter of intent and communicated to me by M. Jongen (Personal communi-
cation, February 7, 2015) [6]
These plots are the result of Monte Carlo simulations simulating events which are
then used to develop algorithms through Random Decision Forests which can determine
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(a) probability to detect as track-like (b) probability to detect as shower-like
Figure 4.8: The probabilities a neutrino interaction is classified as either a track-
like or shower-like event for all neutrino flavours and for charged and neutral current
interactions.
whether an event is either track-like or shower-like. So uncertainties in the particle
identification originate both from the uncertainties in the simulation as well as uncer-
tainties in the accuracy of the algorithm. If the ability to distinguish between shower-
and track-like events is diminished, so too is the sensitivity for the determination of the
mass hierarchy. This due to the ability to distinguish between track- and shower-like
events being related to the ability to distinguish between the neutrino flavours. Im-
proving the particle identification is something for the KM3NeT/ORCA experiment to
address while more research is required to evaluate the precise impact these uncertain-
ties have on measurements and the conclusions.
The detector can not completely accurately recreate the energy and zenith angle of
the neutrino. Even if every photon resultant from a neutrino interaction would be de-
tected there is an intrinsic limit to the accuracy of the reconstruction algorithms. This
means that a neutrino can be detected with a range of different energy values and zenith
angles that depend on the true values for these parameters. Fair parametrizations of
the probabilities for the reconstructed energy values as well as the probabilities for the
reconstructed angles of entry are given in figure 4.9. The energy smearing plot was
constructed using Gaussian smearing where σ = 0.2∗E and the angle smearing plot was
constructed constructed using Gaussian smearing where σ = 0.2− 0.15 ∗ θ.
With these 4 graphs and the information from the previous Sections, the amount of
detected track-like and shower-like events per unit of time for a given energy and zenith
angle range can be simulated. This results in the rate pattern as to be expected to be
observed from the detector. The angle and energy smearing can not likely be improved
too much due to kinematic constraints, but the currently used rough estimates could be
too optimistic possibly having a significant effect on results. More studies are needed to
improve the parameterizations for the angle and energy smearing.
The detector cannot distinguish between neutrinos and anti-neutrinos meaning simula-
tions for both have to be combined to simulate the expected detector output.
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(a) Angle reconstruction probabilities (b) Energy reconstruction probabilities
Figure 4.9: The probability that a neutrino with a specific energy and zenith angle
is reconstructed with other values for the energy and zenith angle
4.5 Asymmetry term
In order to be able to determine the natural mass hierarchy, one needs to be able to
distinguish between normal and inverted hierarchy in simulations. If one can make a
clear distinction between the two possible hierarchies in simulations, the output from
the detector can be matched to one of the two simulations and the naturally occurring
hierarchy can therefore be determined. The same applies to determining whether oscil-
lations in the atmosphere are negligible or not, one needs to be able distinguish between
the two in simulations.
Simply subtracting results from simulations with different assumptions will not suffice
for determining distinguishability. One needs to correct for the expected error which
is approximated by taken the square root of the amount of detected neutrinos. One
therefore calculates the asymmetry between simulations with and without oscillations in
the atmosphere taken into account and between normal and inverted hierarchy for each
data point. The asymmetry term is given by:
AE,θ =
NaE,θ −N bE,θ√
N bE,θ
. (4.7)
Where NnE,θ is the amount of neutrinos detected per unit time for a given energy and
zenith angle. This equation gives a weighted difference between two different cases for
each data point.
With this one can calculate the significance given by:
S =
√∑
E,θ
A2E,θ. (4.8)
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Where one sums over the amount of data points. Generally a value for S of five or
higher is used as the benchmark for distinguishability. This corresponds to a five sigma
discovery or a probability of about 1 in 3.5 million that the conclusions drawn are
incorrect. As this is an idealized study, a less stringent value of three or higher will be
used as a benchmark which corresponds to a three sigma discovery. This is an idealized
study since there are several uncertainties mentioned throughout this chapter regarding
the parameters used which are not corrected for.
This quantity will be used in the next chapter to review the results obtained from
simulation.
Chapter 5
Results and discussion
This chapter will show the impact of oscillations in the atmosphere on ORCA mea-
surements. First it will compare how long it will take to determine the natural mass
hierarchy when oscillations in the atmosphere are taken into account as compared to
neglecting them. This is followed by a section showing the impact of oscillations in the
atmosphere on the amount of detected events. The next section describes whether the
impact of oscillations in the atmosphere is primarily due to the mass in the atmosphere
or the added distance a neutrino travels prior to detection. This chapter concludes with
a section describing the impact of changing the energy and zenith angle ranges used on
the ability to determine the natural mass hierarchy and the impact of the atmosphere
on oscillations.
5.1 Determining mass hierarchy
The ultimate goal of the KM3NeT/ORCA experiment is to determine the natural mass
hierarchy of the neutrino mass eigenstates. Earlier simulations, neglecting oscillations in
the atmosphere, showed that it is possible to differentiate between normal and inverted
hierarchy and that it is therefore possible to determine the natural mass hierarchy. The
purpose of this thesis is to determine the impact of oscillations in the atmosphere in
simulations and the ability to differentiate between hierarchies. The first step is to
determine how long it will take, or for how long data has to be acquired, to be able
to differentiate between normal and inverted hierarchy when taking oscillations in the
atmosphere into account and then compare that with how long it would take when os-
cillations in the atmosphere are neglected.
In order to determine whether a distinction can be made between the two hierarchies,
the simulated amount of detected events per unit time for both hierarchies have to be
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compared. Using the method described in the previous chapter the number of track-like
and shower-like events over a period of one year for both hierarchies were simulated and
the results can be seen in figure 5.1. Simulated neutrino and anti-neutrino events are
combined as the detector can not distinguish between the two.
The figures for normal and inverted hierarchy are almost indistinguishable to the naked
eye and for that reason one looks at the asymmetry and the significance value described
in Section 4.5 to determine differentiability. The asymmetry for each data point between
the two possible hierarchies for both track-like and shower-like events is shown in figure
5.2. From these figures it can be seen that the relevant signal area for the determination
of the natural mass hierarchy lies with higher zenith angles and neutrino energies. This
is to be expected when reviewing Section 2.4.2. Equation 2.19 shows that the addi-
tional potential term, which gives rise to the measurable difference between hierarchies,
is largest for high densities. The Earth is densest near its centre meaning that if a
neutrino has a high zenith angle it will travel through denser parts of the Earth giving
rise to a bigger difference between hierarchies. It is further mentioned that resonance
occurs between energies of 3 and 10 GeV giving rise to the bigger difference between
hierarchies.
The significance value (combined for track- and shower-like events) of 3.1 shows that a
distinction between normal and inverted hierarchy can be made after one year as this
value exceeds the one set in Section 4.5. This however does not directly translate to
reality as this is an idealized study as mentioned in Section 4.5. This value shows that
the natural mass hierarchy can be determined and provides a first indication of how
long data has to be collected, which is around a year for these energy and zenith angle
ranges.
In table 5.1 this value is listed as well as the significance value for determining the mass
hierarchy when neglecting the oscillations in the atmosphere. That this significance value
is the same as the significance value for determining the mass hierarchy when including
oscillations in the atmosphere suggests that the impact of the oscillations in the atmo-
sphere is negligible in simulations. This is not necessarily the case as this similarity in
significance values only shows that a distinction between normal and inverted hierarchy
can be made regardless of whether oscillations in the atmosphere actually have a non
negligible effect or not and that it can be made after acquiring data over a comparable
period of time. This is to be expected as the ability to distinguish between hierarchies
depends on the mass through which the neutrino propagates. And as the atmosphere is
far less dense compared to the Earth, the inclusion of the atmosphere alters the pattern
but has a minor effect on the ability to distinguish between hierarchies.
What is of interest is where, in terms of energy and zenith angle, the change in the
pattern when including the atmosphere compared to neglecting it is the strongest and
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(a) Track-like events
(Normal hierarchy)
(b) Shower-like events
(Normal hierarchy)
(c) Track-like events
(Inverted hierarchy)
(d) Shower-like events
(Inverted hierarchy)
Figure 5.1: Detected neutrino events over the period of one year
(a) Track-like events (b) Shower-like events
Figure 5.2: Asymmetry between normal and inverted hierarchy
the addition of and uncertainties in the production altitude could affect the mass hier-
archy signature if not treated properly. This can only be determined when comparing
simulations taking the atmosphere into account with simulations neglecting them.
5.2 Impact of oscillations in the atmosphere in simulations
The impact of the oscillations in the atmosphere in simulations can be seen in the
asymmetry between the simulated amount of detected events taking the atmosphere
into account and the simulated amount neglecting them. The figures for the amount
of detected events taking the atmosphere into account and those neglecting them are
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(a) Track-like events. (b) Shower-like events.
Figure 5.3: Asymmetry between simulations with and without the atmosphere taken
into account assuming normal hierarchy.
(a) Track-like events. (b) Shower-like events.
Figure 5.4: Asymmetry between simulations with and without the atmosphere taken
into account assuming inverted hierarchy.
again almost indistinguishable with the naked eye. The impact of the oscillations in the
atmosphere can however clearly be seen in the asymmetries for track-like and shower-like
events assuming normal hierarchy shown in figure 5.3 and assuming inverted hierarchy
in figure 5.4. The z axes were chosen to match those of the graphs in figure 5.2 as to
allow for direct comparison.
From these figures it can be clearly seen that the impact of the oscillations in the
atmosphere is greatest at low energies and around a zenith angle of about 90 degrees.
The impact being greatest at lower energies is caused by oscillations occurring more
frequently as equation 2.17 shows. The impact of oscillations in the atmosphere is
greatest at around a zenith angle of 90 degrees partly due the angle dependence of the
creation altitude (see Section 4.1) and partly due to the fact that the average distance a
neutrino travels through the atmosphere is greatest at around this angle of 90 degrees.
The significance values for the impact of the oscillations in the atmosphere assuming
normal and inverted hierarchy, which can also be seen in table 5.2, are both 5.2. As
mentioned in Section 4.5, this is an idealized study meaning these significance values do
not directly translate to reality and more realistic significance values might be lower.
The fact that these values exceed the benchmark of three set in Section 4.5 does however
mean that oscillations in the atmosphere can not simply be neglected in simulations for
the energy and zenith angle ranges used.
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5.3 Mass or distance
The previous section showed that oscillations in the atmosphere can not be neglected
with the ranges used for simulations. Whether this asymmetry is mostly due to the added
length a neutrino travels or whether it is due to the density of the atmosphere can be
determined by comparing simulations for an atmospheric density given by equation 4.3
with simulations for an atmospheric density of zero. The figures representing the amount
of detected events assuming an atmospheric density of zero are almost indistinguishable
with the naked eye from those assuming an atmospheric density given by equation
4.3. The significance value for the impact of the mass in atmosphere in simulations
is 5.4∗10−6. This value shows that the difference in the simulations between taking
and not taking the atmosphere into account is mostly due to the added length the
neutrino travels. This was to be expected as the density of the atmosphere is far smaller
than that of earth, be it the mantle or the core, altering oscillations in only a minor
way. The added distance a neutrino travels in the simulations due to the addition of
the atmosphere ”shifts” the figures representing the amount of detected events for all
energies and angles, with the largest shift occurring at low energies and zenith angles,
adding up to a big asymmetry and significance value.
5.4 Altering energy and zenith angle ranges
Section 5.2 showed that oscillations in the atmosphere can not be neglected in simula-
tions with the energy and zenith angle ranges used. The relevant signal area for the
determination of the natural mass hierarchy and that for the determination of whether
the oscillations in the atmosphere are negligible do not coincide however. The relevant
signal area for the determination of whether oscillations in the atmosphere are negligible
in the simulations is in the lower energy range and around a zenith angle of 90 degrees.
The relevant signal area for the determination of the mass hierarchy is in the higher
energy and zenith angle ranges. Adjusting the used energy and zenith angle ranges
therefore allows the minimization of the impact of the oscillations in the atmosphere in
simulations while retaining the ability to determine the natural mass hierarchy. If, for
a different energy and zenith angle range, the significance value for the determination
of the natural mass hierarchy sufficiently exceeds the significance values for the deter-
mination of whether the oscillations in the atmosphere are negligible, the oscillations in
the atmosphere might have a negligible impact.
Using an energy range from 2.5 to 20 GeV and a zenith angle range from 120 to 180
degrees is an appropriate set of new ranges when looking at figures 5.2, 5.3 and 5.4.
Contained within these new ranges is close to all of the relevant signal area for the
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(a) Hierarchy sensitivity
Shower-like events
(b) Hierarchy sensitivity
Track-like events
(c) Atmosphere sensitivity
Shower-like events
(d) Atmosphere sensitivity
Track-like events
Figure 5.5: The Hierarchy and atmosphere sensitivity for the altered ranges
determination of the mass hierarchy and close to none of the relevant range for the de-
termination of whether the oscillations in the atmosphere are negligible as can be seen
in figure 5.5. These are the graphs assuming normal hierarchy. As can be seen the z
axes for the atmosphere sensitivity are a factor 10 smaller than those for the hierarchy
sensitivity. The new plots for the atmosphere sensitivity do not show an overall depen-
dence on the zenith angle which might have been expected. Resonance effects could
however be expected to be dominant, eliminating this expected dependence. The pat-
tern that is seen arises due to non-linear matter effects combined with the reconstruction
parametrization. Explanations for the patterns that can be seen will require additional
research.
The significance value for the determination of the mass hierarchy within these new
ranges, after acquiring data for one year, is 2.876. This value is close to the value of
3.113 from Section 5.1 validating the choice for the new ranges. This value shows that
even with narrowed ranges for the energy and zenith angle, the natural mass hierarchy
can be determined in a comparable time, about a year of acquiring data. The significance
values for the determination of whether oscillations in the atmosphere are negligible in
simulations within these new set of ranges are 0.612 for normal hierarchy and 0.626 for
inverted hierarchy.
These significance values show that with a change in the ranges for the energy and
zenith angle the impact of the atmosphere can be minimized while retaining the ability
to determine the natural mass hierarchy. As the significance value for the determination
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With or without oscillations in the atmosphere Significance
taken into account in simulations (Ranges used)
With atmosphere (1 ≤ E ≤ 20 and 90 ≤ θ ≤ 180) 3.1
Without atmosphere (1 ≤ E ≤ 20 and 90 ≤ θ ≤ 180) 3.1
With atmosphere (2.5 ≤ E ≤ 20 and 120 ≤ θ ≤ 180) 2.9
Table 5.1: Significance values for the determination of the mass hierarchy
Normal or inverted hierarchy (Ranges used) Significance
Normal hierarchy (1 ≤ E ≤ 20 and 90 ≤ θ ≤ 180) 5.2
Inverted hierarchy (1 ≤ E ≤ 20 and 90 ≤ θ ≤ 180) 5.2
Normal hierarchy (2.5 ≤ E ≤ 20 and 120 ≤ θ ≤ 180) 0.6
Inverted hierarchy (2.5 ≤ E ≤ 20 and 120 ≤ θ ≤ 180) 0.6
Table 5.2: Significance values for the impact of oscillations in the atmosphere
of whether the oscillations in the atmosphere are negligible is still approximately 20%
of that for the determination of the natural mass hierarchy for these new ranges, the
impact of oscillations in the atmosphere is small but non-negligible. Therefore, correc-
tions will still have to be made for the oscillations in the atmosphere if only in a general
way. It is worthwhile to note that there is an important disadvantage in limiting the
energy and zenith angle ranges as it means losing an important part of the range used
to determine the oscillation parameters.
Determining whether the impact of oscillations in the atmosphere can be further min-
imized while retaining the ability to determine the natural mass hierarchy and what
corrections will have to be made in simulations will require more research.
Chapter 6
Conclusion
The purpose of the KM3NeT/ORCA experiment is to determine the natural neutrino
mass hierarchy, which could be either normal or inverted hierarchy. For this, it uses a
detector of several cubic kilometers that is currently being built in the Mediterranean sea
using thousands of Digital Optical Modules placed in three-dimensional arrays. These
DOMs are able to detect single photons from the Cherenkov radiation resultant from
neutrino interactions near the detector which can be used to determine several of the
neutrino’s properties. Data from the detector is then compared to simulations assum-
ing normal hierarchy and inverted hierarchy to determine the naturally occurring mass
hierarchy. Simulations with the purpose of determining the naturally occurring hierar-
chy have so far been done under the assumption that oscillations in the atmosphere are
negligible. This research aimed to determine whether the neglecting of oscillations in
the atmosphere was justified.
This research shows that the natural mass hierarchy can be determined regardless of
whether oscillations in the atmosphere have a non-negligible impact in simulations or
not. It further shows that oscillations in the atmosphere have almost no effect on the
time required to determine the natural mass hierarchy.
Despite the small impact of oscillations in the atmosphere on the ability to determine
the natural mass hierarchy they can not be neglected in simulations with the energy and
zenith angle ranges currently used in the KM3NeT/ORCA experiment. The asymmetry
and significance values for the impact of oscillations in the atmosphere are too large to
neglect. This asymmetry is caused predominantly by the added distance the neutrino
travels on its path to the detector rather than the mass present in the Earth’s atmo-
sphere.
By altering the ranges for the energy and zenith angle in simulations as to exclude the
lower values for both of these parameters, the impact of oscillations in the atmosphere
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can be minimized while minimally affecting the ability to differentiate between hierar-
chies. The significance values in tables 5.1 and 5.2 show that the impact of oscillations
in the atmosphere in simulations can be minimized but is non-negligible even for the
altered ranges. Within the altered ranges, adjustments for the impact of oscillations in
the atmosphere will still have to be made if only in a general way. Whether further
alterations in the ranges allows neglecting oscillations in the atmosphere completely or
which adjustments have to be made in simulations to account for the impact of oscilla-
tions in the atmosphere will require more research.
This research, and the correctness of the results and conclusions, would be improved by
taking into account and addressing the uncertainties mentioned throughout Chapter 4,
with the main uncertainty most likely arising in the energy and angle smearing. The
parameterizations used are likely too optimistic even though current reconstruction algo-
rithms are getting closer to those used in this research. More realistic parameterizations
will likely negatively affect the ability to distinguish between hierarchies and the ability
to determine the impact of the atmosphere on simulations. The uncertainties of other
parameters such as the squared mass differences, the mixing angles, the fluxes, the cre-
ation altitudes, the density of the Earth and the neutrino cross sections can be improved
through other experiments. Improving the particle identification and the parametriza-
tion for the effective mass will have to be addressed by the KM3NeT/ORCA experiment
group. Addressing these uncertainties could both increase and decrease the ability to
determine the natural mass hierarchy and the ability to determine the impact oscilla-
tions in the atmosphere have on simulations. Already performed, refined simulations
have already shown however that in certain oscillation parameter spaces the ability to
distinguish between hierarchies is decreased but still possible. With further refinements
in the simulations and analysis, the impact of the atmosphere might change, but is is
not expected to become negligible.
Simulations of atmospheric neutrino oscillations done for the KM3NeT/ORCA experi-
ment should from here on out therefore either include oscillations in the atmosphere or
simulate over a more limited range while adjusting for the impact of oscillations in the
atmosphere in a general way.
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